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1. Introduction
The most studied and reported quality factors for popcorn 
(Zea mays var everta) have been expansion volume and the num-
ber of unpopped kernels (Ziegler, 2001). High pop expansion vol-
ume is correlated with desirable consumer attributes including 
improved texture and consumer acceptability (Ceylan and Kara-
baba, 2001; Dofing et al., 1990), while unpopped kernels are an 
undesirable nuisance to consumers and unrealized profit for 
producers.
Popcorn expansion volume has been shown to be a quanti-
tative trait with high heritability and influenced by three to five 
major genes (Lu et al., 2003; Ziegler, 2001). Breeding methods 
used to improve dent corn are commonly used for popcorn, with 
the primary distinction being that the trait of emphasis in pop-
corn has historically been popping performance whereas dent 
corn breeders have usually focused on grain yield (Ziegler, 2001). 
While expansion volume tends to be negatively correlated with 
grain yield, breeding methods which use additive genetic vari-
ation for expansion volume and dominance variation for grain 
yield will likely result in simultaneous improvement in both pro-
ducer yield and end-use quality traits (Dofing et al., 1990).
Correlating intrinsic kernel characteristics with final perfor-
mance quality measures can provide simple and reliable predic-
tion methods to breeders and producers (Dorsey-Redding et al., 
1991). As such, several studies have investigated and elucidated 
popcorn kernel characteristics that influence expansion volume. 
Some of the phenotypic characteristics shown to affect pop vol-
ume include physical traits such as kernel size, shape, density, 
hardness, and pericarp thickness, as well as composition attri-
butes such as levels of zein protein and the types of fatty acid in 
the kernel (Borras et al., 2006).
Evaluating genetic and environmental mechanisms which in-
fluence phenotypic characteristics and predict performance is an 
essential part of plant breeding (Stuber et al., 1992). The physical 
and biochemical characteristics of popcorn kernels are known to 
vary depending on the genetics, growing environment, and agro-
nomic practices used (Ziegler, 2001). While end-quality popping 
performance has been the primary focus of growers and popcorn 
breeding programs (Dofing et al., 1991), the effect of hybrid and 
environment on physical and biochemical properties of popcorn 
kernels and the relationship among these properties has not 
been comprehensively studied. The objectives of this investiga-
tion were to determine the effects of hybrid and growing envi-
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grown in three different environments were tested for physiochemical attributes and popping performance. Hy-
brid had a significant effect on kernel sphericity, time-to-grind, dietary fiber, sugars, and starch. Environment effect 
alone affected total mineral content. Hybrid and environment main effects influenced test weight, tangential abra-
sive dehulling device index, thousand-kernel weight, total carbohydrates, and kernel protein content. Oil adher-
ence to the bag averaged 15.8% and was proportional to oil amount added prior to microwave popping. Unpopped 
kernels averaged 11.4 ± 5.3%. Most unpopped kernels were observed to successfully pop when heated a second time 
in microwave tests. Expansion volume was 44.7 ± 3.7 and 47.3 ± 6.4 cm3/g, depending on the method of determi-
nation. Expansion volume was correlated (p < 0.05) with several kernel physiochemical parameters that were influ-
enced by hybrid effect. Sphericity, thousand-weight, and total fat are physiochemical characteristics that appear to 
be good predictors (p < 0.05) of expansion volume.
Keywords:  Zea mays, Popcorn, Expansion volume, Unpopped kernels
188
Hybrid and environment effects on popcorn kernel physiochemical properties  189
ronment on the physical properties and biochemical composi-
tion of popcorn kernels and establish the relationships among 
intrinsic kernel quality characteristics, as well as to relate kernel 
properties to end-use microwave popping performance.
2. Experimental
2.1. Popcorn samples
Three commercial, butterfly-type popcorn hybrids, YPK-213, 
YPK-313, and YPK-321, were supplied by ConAgra Foods, Inc. 
(Omaha, NE USA). Hybrids were planted and grown in strip 
plots in Nebraska, Indiana, and Ohio, three states in the Mid-
western USA, during 2009. These three states annually produce 
over 250,000 kg of popcorn, which represents 65% of the com-
mercial popcorn grown in the USA (National Agricultural Sta-
tistics Service, 2007). The Nebraska strip plot was irrigated land, 
while Indiana and Ohio strip plots were non-irrigated. Fertil-
ization, weed, and pest control were applied according to stan-
dard agronomic practices at each location. All hybrids were har-
vested and thrashed by combine at commercial maturity when 
their field moisture contents were less than 18%. Samples (a total 
of three from each plot) were cleaned, bulked packed, and tem-
pered to 14% moisture by storing at 21.5 °C and 73% rh until used 
for experimentation, which occurred from May 2010 to January 
2011.
2.2. Composition and physical property testing
Compositional and physical property analyses were per-
formed on conditioned popcorn samples after equilibrating 
for a minimum of 120 d at storage conditions and attainment 
of desired moisture content of 14.0 ± 0.5% as measured using 
a Dickey-john GAC III moisture analyzer. More accurate ker-
nel moisture contents were determined using the method de-
scribed below. Kernel moisture content of 14.0% was selected 
for the target moisture content as it has been reported to be the 
optimum level for microwave popping performance (Gökmen, 
2004; Ziegler, 2001). Thousand-kernel weight (g) was measured 
by randomly selecting and weighing 1000 intact kernels. Test 
weight (kg/hl) was measured using the United States Depart-
ment of Agriculture (USDA, 1990) Federal Grain Inspection Ser-
vice Method. True kernel density (g/cm3) was determined using 
an air-comparison pycnometer (Pomeranz et al., 1984; Quanta-
chrom pycnometer Boynton Beach, FL) equipped with ultra-
pure nitrogen as displacement gas. Tangential abrasive dehulling 
device (TADD) index was determined by calculating the per-
centage of kernel weight remaining after abrading 40 g of sam-
ple for 10 min using a TADD instrument (Venables Machine 
Works LTD, Saskatoon, Saskatchewan, Canada) with no. 36 grit 
disk under constant vacuum aspiration (Reichert et al., 1986). 
Stenvert kernel hardness was determined by measuring time re-
quired to grind 20 g of intact popcorn kernels and the ground 
sample height (mm) using a Kinematica AG Polymix Grinder 
(Model PX-MFC 90 D, Lucerne, Switzerland) with a 2 mm screen 
and operated at 3600 rpm measured using the integrated ta-
chometer (Pomeranz et al., 1985). Average kernel sphericity was 
calculated as the ratio of geometric mean diameter (cubic root of 
the multiplied length, width, and thickness) and kernel length 
for 30 randomly-selected kernels per sample, as measured with 
a digital micrometer (Mitutoya America Corp., Aurora, IL). Five 
observations were made for each experimental unit for thou-
sand-kernel weight, pycnometer density, and Stenvert hardness 
tests. Six observations were taken per sample for TADD index, 
seven sample reps were observed for test weight, and thirty ob-
servations per sample were made for sphericity.
Compositional characteristics were measured for the popcorn 
kernels after using a two-step milling process of chopping for 20 s 
in a Blixer 3 blender (Robot Coupe, USA) and then grinding with a 
Kitchen Mill Model 91 (Blentech, USA). Analyses of total fat, satu-
rated fat, fatty acids, fiber, sugar, moisture, and minerals were de-
termined using standard methods (996.06, 950.46, 992.15, and 
984.27, respectively; AOAC, 2010), while protein, total carbohy-
drates, sugars, and starch were determined using the preparation 
and method modifications for popcorn as described previously 
(Sweley et al., 2011). Amylose and amylopectin were measured us-
ing the modified dual-wavelength iodine binding procedure de-
scribed by Zhu et al. (2008). For all compositional analysis, three 
replications were made per sample, and all reported data were ad-
justed to 14.0% moisture basis (Dorsey-Redding et al., 1990).
2.3. Pop performance testing
A randomized, D-optimal design requiring a total of 65 runs 
was developed using Design Expert statistical software (version 
8.0, Stat-Ease, Inc., Minneapolis, MN) in order to assess pop-
ping performance across a range of prevalent microwave wattages 
and different amounts of oil added to the kernels. The nine hy-
brid × environment popcorn samples previously described were 
used as the kernels for experiments. Popcorn kernels and oil were 
weighed into pre-folded, commercially standard, bi-layer micro-
wavable paper bags (14.92 cm × 29.53 cm) containing an alumi-
num-coated polyester susceptor (13.65 cm × 16.51 cm) embedded 
at the bottom center of the bag gusset. The total weight of kernels 
and oil was fixed at 77 g, which was established after conducting 
pretesting to verify that popping would not be constricted by the 
bag. The corn-oil ratios used in this study (2:1–16:1) were selected 
to encompass the prevalent range of oil levels (6–30%) found in 
microwave popcorn products being sold in the US market (U.S. 
Department of Agriculture, 2010). The oil used for all testing was a 
commercially-available blend of palm oil and palm oil stearin (Ar-
cher Daniels Midland Company product 845600, Decatur, IL).
Popping tests were completed using the following three mi-
crowave ovens with distinct power outputs, internal cavity di-
mensions, and manufacturers: (a) Panasonic model NN-H765BF 
(1250 W, 0.45 m3 internal cavity), (b) General Electric model 
JE1160WC (1100 W, 0.31 m3 internal cavity), and (c) Samsung 
MW830WA (800 W, 0.17 m3 internal cavity). The actual power 
output for the three microwaves was 1240, 1050, and 750 W, re-
spectively, which was determined by taking 70% of the mea-
sured temperature change of 1000 g of deionized water (20 °C) 
after heating for 62 s on high power (Schiffmann, 1987).
For each experimental run, microwave popping tests were 
performed immediately after bag preparation by placing un-
folded bags in the center of the microwave with susceptor-side 
down and popping on high power until the interval between 
pops slowed to 2 s. After popping, bag contents were poured into 
a steel sieve with round-hole, 7.94 mm openings (Seedburo, USA 
Model 0070) to remove unpopped kernels. The empty paper bag 
and any residual oil was weighed, and used to calculate the per-
centage (by weight) of original oil lost to the bag during pop-
ping. Popped popcorn flakes were weighed and then poured into 
a 4 L graduated cylinder, which was inverted once and the resul-
tant pop volume rounded to the nearest 25 mL graduation.
The conventional manner of reporting microwave popcorn 
expansion volume has been the volume of popped corn per orig-
inal weight of unpopped popcorn (Dofing et al., 1990; Mohamed 
et al., 1993). An alternative method for determining expansion 
volume has been reported by Pordesimo et al. (1990) as the ra-
tio of pop volume per weight of popped kernels. Both methods 
of determining expansion volume were calculated and reported 
in this study.
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In order to further examine the potential pop viability of 
kernels which did not pop, unpopped kernels from each hy-
brid × environment sample were collected and combined. Us-
ing the same paper bags described previously, 28 g unpopped 
kernels were weighed without any additional oil and popped 
using the 1250 W Panasonic microwave. The resultant num-
ber of unpopped kernels was counted, weighed, and converted 
to a percentage of the preceding 28 g starting weight. The lim-
ited amount of unpopped kernels collected during initial experi-
ments constrained the starting kernel weight and permitted only 
a single sample replicate per treatment combination for re-pop 
testing, although two-way ANOVA analysis could still be used 
for mean comparisons between hybrids and environment effects 
(n = 3).
2.4. Statistical analysis
All statistical analyses were performed using SAS software 
(version 9.2, SAS Institute, Cary, NC). Kernel physical and com-
positional properties and pop performance comparisons used 
two-way analysis of variance (ANOVA) with fixed effects for hy-
brid and environment to make comparisons using Fisher’s least 
significant differences (LSD) test at α = 0.05. Only main effects 
of hybrid and environment were included ANOVA calculations 
since the experimental design did not include field plot replica-
tion. The relationship of kernel hybrid and environment to ker-
nel physiochemical parameters, as well as the relationship be-
tween physiochemical parameters and popping performance 
measures, was analyzed using the SAS correlation (CORR) 
procedure.
3. Results and discussion
3.1. Kernel physicochemical parameters
Significant differences in physical and compositional proper-
ties between the popcorn kernels were observed (Table 1). Test 
weight varied significantly among the samples (p < 0.05), which 
might be due to its being a measure of bulk density and there-
fore dependent on many factors beyond the kernel density in-
cluding kernel size and shape, packing, and void volume, among 
others (Lee et al., 2007). While thousand-kernel weight elimi-
nates the variability in measurement caused by packing and void 
volume, the results of this study showed thousand-kernel weight 
measures to be more variable than test weight. In contrast, pyc-
nometer density was shown to have the highest reproducibility 
among all physical properties tested, which is consistent with re-
sults reported for conventional maize (Lee et al., 2007). Because 
pycnometer density provides an indirect indication of the per-
cent of hard and soft endosperm found in the kernel (Lee et al., 
2007), it may be especially relevant for popcorn since it has been 
proposed that popcorn kernels with larger amounts of hard en-
dosperm will have greater expansion ratio (Hoseney et al., 1983).
The values for thousand-kernel weight, test weight, pycnom-
eter density, and kernel sphericity were consistent with the range 
of values reported previously for popcorn kernels (Ceylan and 
Karababa, 2001; Mohamed et al., 1993; Pordesimo et al., 1990). 
Ertas et al. (2009) reported lower values for thousand-kernel 
weight and test weight than the results observed in this study, 
probably due to testing by Ertas et al. being conducted on ker-
nels conditioned to below 8% moisture content versus the 14% 
Table 1. Physical properties of three popcorn hybrids grown in three different environments.
                         Hybrid     Environment
 YPK-213 YPK-313      YPK-321 Indiana               Nebraska  Ohio
Thousand-Weight (g) 159.5 ± 9.3 c 172.6 ± 7.8 a 166.0 ± 8.4 b 175.6 ± 5.7 a 156.3 ± 6.9 c 166.3 ± 5.1 b
Test Weight (kg/hl) 87.0 ± 1.9 b 89.2 ± 0.8 a 86.7 ± 2.6 b 85.8 ± 2.6 b 88.9 ± 0.8 a 88.3 ± 1.2 b
Pycnometer Density (g/cm3) 1.38 ± 0.01 a 1.38 ± 0.01 a 1.38 ± 0.01 a 1.38 ± 0.01 a 1.38 ± 0.01 a 1.38 ± 0.01 a
Stenvert Time-to-Grind (s) 14.6 ± 0.6 a 13.8 ± 0.7 b 14.3 ± 0.7 ab 14.4 ± 0.7 a 13.9 ± 0.8 b 14.3 ± 0.6 ab
Stenvert Height (cm) 7.0 ± 0.2 a 7.0 ± 0.1 a 7.0 ± 0.1 a 7.0 ± 0.1 a 7.0 ± 0.1 a 7.0 ± 0.1 a
TADD index 40.9 ± 2.5 c 45.8 ± 2.7 a 43.8 ± 2.8 b 40.5 ± 2.1 c 46.5 ± 2.3 a 43.5 ± 2.3 b
Sphericity (%) 74.6 ± 0.0 a 71.9 ± 0.0 b 72.4 ± 0.1 b 72.9 ± 0.1 a 73.2 ± 0.1 a 72.8 ± 0.1 a
Mean values ± SD in same row followed by the same letter within each factor (hybrid or environment) are not significantly different (P < 0.05). n = 3.
Table 2. Biochemical composition of three popcorn hybrids grown in three different environments.
   Hybrid                             Environment
 YPK-213 YPK-313 YPK-321 Indiana Nebraska Ohio
Total Fat (%) 2.8 ± 0.2 a 2.9 ± 0.2 a 3.0 ± 0.3 a 3.0 ± 0.2 a 2.9 ± 0.2 a 3.0 ± 0.2 a
Total Carbohydrate (%) 72.3 ± 0.4 c 73.9 ± 0.8 a 73.1 ± 0.7 b 72.7 ± 0.6 b 73.7 ± 1.3 a 72.9 ± 0.6 b
Starch (%) 61.5 ± 2.7 b 63.4 ± 3.8 ab 65.3 ± 1.8 a 63.5 ± 3.0 a 63.6 ± 3.9 a 63.1 ± 2.9 a
Amylose (%) 9.1 ± 0.5 b 9.6 ± 0.8 ab 9.8 ± 1.0 a 9.5 ± 0.5 ab 10.1 ± 0.8 a 9.0 ± 0.8 b
Amylopectin (%) 52.3 ± 2.7 b 53.8 ± 3.5 ab 55.5 ± 2.2 a 55.0 ± 2.7 a 53.5 ± 3.6 a 54.1 ± 3.1 a
Dietary Fiber (%) 11.1 ± 0.6 a 11.4 ± 0.3 a 10.1 ± 0.3 b 11.0 ± 0.6 a 11.0 ± 0.8 a 10.7 ± 0.8 a
Sugars (%) 0.46 ± 0.02 c 0.65 ± 0.08 a 0.51 ± 0.04 b 0.56 ± 0.11 a 0.56 ± 0.11 a 0.50 ± 0.07 b
Protein (%) 9.9 ± 0.2 a 8.1 ± 0.8 c 8.8 ± 0.6 b 9.2 ± 0.6 a 8.4 ± 1.3 b 9.2 ± 0.5 a
Total Minerals (%) 1.0 ± 0.1 a 1.0 ± 0.1 a 1.1 ± 0.1 a 1.1 ± 0.0 a 1.1 ± 0.1 a 0.9 ± 0.1 b
Fatty acid composition*
Palmitic Acid (%) 16.4 ± 0.4 a 15.0 ± 0.2 c 15.8 ± 0.4 b 15.8 ± 0.8 a 15.9 ± 0.7 a 15.7 ± 0.5 a
Stearic Acid (%) 1.9 ± 0.1 b 1.7 ± 0.1 c 2.1 ± 0.1 a 1.9 ± 0.2 a 1.8 ± 0.1 b 2.0 ± 0.2 a
Oleic Acid (%) 20.8 ± 0.8 b 22.0 ± 0.7 a 21.7 ± 0.7 a 21.3 ± 0.7 b 21.1 ± 0.7 b 22.2 ± 0.8 a
Linoleic Acid (%) 58.3 ± 0.3 a 58.5 ± 0.8 a 57.7 ± 0.5 b 58.4 ± 0.7 a 58.5 ± 0.5 a 57.6 ± 0.4 b
Linolenic Acid (%) 1.4 ± 0.1 a 1.3 ± 0.0 b 1.3 ± 0.1 ab 1.3 ± 0.1 a 1.4 ± 0.1 a 1.3 ± 0.1 a
All Other (%) 1.2 ± 0.4 a 1.5 ± 0.3 a 1.4 ± 0.4 a 1.3 ± 0.4 a 1.4 ± 0.3 a 1.3 ± 0.3 a
Mean values ± SD in same row followed by the same letter within each factor (hybrid or environment) are not significantly different (P < 0.05). All values 
reported on 14.0% moisture content (wb). n = 3.
* Fatty acids reported as percentage of total fat in kernel. n = 3.
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moisture content used in this study and recommended for op-
timum pop performance. Values for kernel sphericity were also 
consistent with the range of values previously reported previ-
ously for popcorn kernels (Ceylan and Karababa, 2001; Ertas 
et al., 2009; Mohamed et al., 1993; Pordesimo et al., 1990).
TADD index has not been commonly reported for popcorn, 
but it showed relatively low variability in test measurements and 
provided delineation between different hybrids and growing en-
vironments. In addition, the post-abrasion samples revealed a re-
markably vibrant yellow appearance in the kernel endosperm that 
was not observed with grinding or fracturing kernels. The range of 
TADD index values observed for experimental units in this study 
was 38.2–49.1% with an average of 43.5 ± 3.4%, which is greater 
than the range of mean TADD indices (27.8–31.9%) reported for 
four clusters of diverse conventional maize hybrids (Lee et al., 
2007). This is to be expected since the TADD index measures 
hardness by abrading the outer kernel layers, and the cell wall ma-
trix found in popcorn pericarp has greater structural organization 
than conventional corn, which is a distinguishing feature that en-
ables pop mechanics (Hoseney et al., 1983; Tandjung et al., 2005). 
Thus, it may be that TADD index provides a rapid, indirect mea-
sure of the relative pericarp organization for popcorn.
The compositional analysis also revealed significant differ-
ences among the popcorn samples (Table 2). The ranges of pro-
tein content and starch observed for individual popcorn kernel 
samples in this study were similar to those reported previously 
for popcorn by Park et al. (2000). Amylose and amylopectin con-
centrations were lower than previously reported for popcorn ker-
nels (Borras et al., 2006; Park et al., 2000), which may simply be 
attributed to sample variation between the studies, or it may be 
due to differences in analytical methodologies.
Across all hybrid and environment treatments, the fatty acid 
composition of popcorn kernel lipids consisted primarily of lin-
oleic, oleic, and palmitic acids, while stearic, linolenic, and all 
other fatty acids were less than 2% (Table 2). The preponder-
ance of fatty acids is similar to values reported previously (Borras 
et al., 2006; Park et al., 2000).
Several notable relationships were observed from analysis of 
the correlation coefficients among the popcorn kernel physical 
and chemical properties (Table 3). Protein had a significant in-
verse correlation with both sugars and total carbohydrates. To-
tal carbohydrates were positively correlated with TADD index 
but negatively correlated with time-to-grind, while protein was 
negatively correlated with TADD index and positively correlated 
with time-to-grind. The positive correlation between protein 
and time-to-grind is consistent with previous studies in maize 
(Dorsey-Redding et al., 1991; Shandera et al., 1997). Starch was 
positively correlated with amylopectin and negatively correlated 
with dietary fiber, but no relationships between starch and phys-
ical measures were observed. While total fat was predictably cor-
related with several fatty acids, total fat was not related to any 
other physical or chemical measure, whereas relationships be-
tween oil and starch and oil and kernel density have been re-
ported for conventional maize (Dorsey-Redding et al., 1991). Ker-
nel sphericity had a significant inverse correlation with sugars 
and oleic acid, while test weight and thousand-weight were not 
correlated with compositional measures.
3.2. Hybrid and environment influence on kernel properties
Hybrid and/or growing location had a significant effect on 
most physiochemical parameters for popcorn kernels measured 
in this study, except percent total fat, pycnometer density, and 
Stenvert column height. Both hybrid and environment main ef-
fects had a significant (p < 0.01) effect on physical kernels tests of 
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thousand-kernel weight, test weight, TADD index, as well as the 
levels of total carbohydrates and protein. Hybrid main effect alone 
was shown to influence sphericity, time-to-grind, dietary fiber, 
sugars, and total starch. These results are generally consistent with 
previous studies on popcorn showing that hybrid has a significant 
effect on some select kernel physical and/or compositional charac-
teristics (Ceylan and Karababa, 2001; Park et al., 2000; Soylu and 
Tekkanat, 2007), although Park et al. (2000) also found hybrid to 
have an effect on total fat, and no significant effects were observed 
in kernel fat in this study, perhaps due to the specific hybrids used.
Environment was shown to be the only effect showing signifi-
cance for total minerals. Further analysis in this study specifically 
uncovered that iron, phosphorus, and potassium contents of pop-
corn kernels were significantly affected by environment. These re-
sults agree with previous findings in other cereal grains that levels 
of potassium, phosphorus, and iron vary as a result of environmen-
tal factors such as the use of irrigation versus rainfall, fertilizer con-
tent, and the nature of the soil itself (Greaves and Hirst, 1929).
The advancement in quantitative genetics and mapping of 
quantitative trait loci (QTL) for popcorn expansion volume 
might suggest that estimating the magnitude of variance for ker-
nel physicochemical attributes is immaterial, but it is unlikely 
that a single genotype exists that will perform best in all envi-
ronments, even when those environments are relatively simi-
lar (Allard and Bradshaw, 1964). To wit, investigation of genetic 
mechanisms for popcorn by Li et al. (2006) revealed that only 
22.7% of QTLs identified as influencing expansion volume were 
expressed in different environments, suggesting a complex rela-
tionship between genetics, environment, and agronomic inputs 
for popcorn. Moreover, it is possible that new end-use quality 
factors beyond expansion volume will emerge as desirable traits 
for popcorn that will place new demands on breeders (Ziegler, 
2001). Plant breeding efforts to fulfill new demands might be 
achieved through better understanding the intermediate factors 
and pathways for achieving end performance and making more 
precise selections (Allard and Bradshaw, 1964).
3.3. Microwave popping performance
Across all hybrids and environments, unpopped kernels av-
eraged 11.4% and showed a high coefficient of variation (46.5%), 
which is consistent with the 10–12% unpopped kernels that con-
sumers typically find in home microwave popping (Quinn et al., 
2005) and the high variability reported in previous studies for 
unpopped kernels after microwave popping (Dofing et al., 1990; 
Ertas et al., 2009; Gökmen, 2004; Mohamed et al., 1993; Soylu 
and Tekkanat, 2007).
It has been previously proposed that popping temperature is 
the most critical factor determining the viability of popcorn ker-
nels to pop (Hoseney et al., 1983). Most unpopped kernels were 
observed to successfully pop when collected and heated a sec-
ond time in microwave tests (Table 4), performing with a com-
parable average percentage of unpopped kernels (11.5 ± 2.6%) 
as the original testing (11.4 ± 5.3%). This suggests that most un-
popped kernels are not inherently unviable, but rather that not 
all kernels achieve the minimum thermodynamic requirements 
for popping during microwave heating. In fact, the power ab-
sorbance and threshold internal pressure and temperature re-
quired for popping is known to vary for individual kernels (Byrd 
and Perona, 1995). Thus, it may be that unpopped kernels are 
those kernels in the bag that are shielded from microwaves by 
other kernels or are positioned along the sides of the bag and 
do not absorb sufficient reflective energy from the susceptor to 
achieve critical temperatures required for popping. This may ex-
plain why none of the kernel physiochemical parameters corre-
lated with unpopped kernels (Table 5).
Any consumer that has ever reached inside a microwave pop-
corn bag can attest to the dissatisfaction of messy oil transfer 
when the hand brushes against the inside of the bag. An average of 
15.8 ± 2.3% by weight of oil remains with the bag after popping (Ta-
ble 4). As illustrated in Fig. 1, the amount of oil adhering to the bag 
has a linear relationship with the original oil amount within the 
constraints used in this study. Oil loss to the bag represents a con-
siderable opportunity cost for commercial producers. It is probable 
that using alternative packaging materials or coatings on the bag 
and/or using different types of oil would affect the oil lost to the 
bag during microwave popping and would be worth investigating.
Popping performance results also showed significant differ-
ences between samples for expansion volume when using both 
of the methods of determining expansion volume (Table 4). Ex-
pansion volumes averaged 44.7 ± 3.7 cm3/g across all runs when 
using the prevalent method of calculating expansion volume as 
a function of only the original kernel weight. Despite the prev-
alence of this method of determination, it neither accounts for 
the variation in popped flake density as a result of other ingre-
dient additions nor accounts for loss factors during popping. As 
discussed above, the percentage of unpopped kernels that do 
not pop can be significant and highly variable. In addition, the 
density of popped popcorn flakes will vary depending on the 
amount of oil coverage. This is an important consideration since 
most prepackaged microwave popcorn sold in the US is coated 
with a variety of ingredients such as oil, butter, and salt to im-
prove the sensory quality of finished product, and variations in 
particle density have been suggested to explain the majority of 
variation in bulk density measurements of other cereal grains 
(Doehlert and McMullen, 2008). Thus, while determining ex-
pansion volume based on original kernel weight may be reason-
able for breeders or producers that sell kernels to commercial 
venues like movie theaters and athletic venues where popped 
popcorn is ultimately sold by volume (Hoseney et al., 1983), it 
may be less germane to producers of packaged goods for retail 
markets where popcorn must be labeled and sold by weight.
Table 4. Pop performance measures for three popcorn hybrid grown in three different environments.a
Factor Level Expansion volume      
  Pop volume (cm3) per  Pop volume (cm3) per  Unpopped  Oil lost %Unpopped kernels  
  popped flake weight (g) original kernel weight (g) kernels (%) to bag (%)   after re-poppingb 
Hybrid YPK-213 49.4 ± 6.5 a 46.5 ± 4.6 a 12.5 ± 6.2 a 16.5 ± 3.2 a 9.6 ± 2.3 b
 YPK-313 46.7 ± 5.8 a 44.1 ± 3.5 b 11.6 ± 4.7 a 15.9 ± 2.2 a 14.0 ± 3.8 a
 YPK-321 45.9 ± 7.2 a 43.8 ± 3.4 b 10.1 ± 5.3 a 15.0 ± 2.1 a 10.7 ± 2.0 ab
Environment Indiana 51.8 ± 7.8 a 47.6 ± 5.3 a 13.2 ± 4.7 a 17.5 ± 2.6 a 9.3 ± 1.5 b
 Nebraska 45.6 ± 7.1 b 43.5 ± 3.9 b 10.9 ± 6.2 a 15.1 ± 2.1 b 11.1 ± 3.6 ab
 Ohio 44.5 ± 6.5 b 43.2 ± 3.4 b 10.1 ± 5.6 a 14.7 ± 3.5 b 14.0 ± 2.6 a
Average across all runs 47.3 ± 6.4 44.7 ± 3.7 11.4 ± 5.3 15.8 ± 2.3 11.5 ± 2.6
a. Mean values ± SD followed by the same letter within the same column for each design factor (hybrid or environment) are not significantly different 
(P < 0.05). n = 3.
b. Unpopped kernels from initial testing were collected, then 28 g samples were re-popped using a 1250 W microwave oven. n = 3.
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The method proposed by Pordesimo et al. (1990) divides 
pop volume by the weight of popped flakes only, thereby elim-
inating the influence of unpopped kernels and the weight 
of oil lost to the bag during popping in calculations. Using 
this method of determination resulted in expansion values 
of 47.3 ± 6.4 cm3/g across all runs in this study. In effect, this 
method of reporting expansion volume effectively expresses 
the inverse of bulk density. The primary advantages of this 
method are that it is not biased by loss factors due to oil re-
tained by the bag or unpopped kernels, and it accounts for the 
contribution of other ingredients to the bulk mass. Ultimately, 
it is important to recognize that expansion volume is a complex 
trait that is also a function of packing efficiency and the mea-
surement of pop volume itself, which is influenced by factors 
such as the size and shape of individual flakes and void spaces 
between flakes.
Thousand-kernel weight, sphericity, total fat, oleic acid, lin-
oleic acid exhibited significant correlations with both expres-
sions of expansion volume (Table 5). The negative correlation 
between thousand-kernel weight and expansion volume agrees 
with previous findings (Ceylan and Karababa, 2001). In addition, 
the negative correlation between levels of oleic acid and pop ex-
pansion volume agrees with previous results reported by Bor-
ras et al. (2006) for seven Argentinean popcorn hybrids. How-
ever, the findings in this study disagree and are opposite to the 
findings by Borras et al. of a significant positive correlation be-
tween expansion volume and levels of linoleic acid. This diver-
gence may be a result of the different hybrids or popping meth-
ods (conventional oil popping versus microwave popping) used 
in the two studies, or because this study determined correlations 
to fatty acids as a percentage of the total kernel composition in-
stead of fatty acids as a percentage of total lipids.
Kernel sphericity was positively correlated with expansion 
volume, which agrees with the findings from several previous 
studies (Ertas et al., 2009; Mohamed et al., 1993; Pordesimo et al., 
1990). The importance of structural geometry of popcorn kernels 
can be explained by considering that dynamic fragmentation of 
granular materials can be predicted from the stored elastic and 
kinetic energy (Griffith, 1921). Probability modeling from frac-
ture mechanics predicts the failure mode for pressurized vessels 
to occur at the weakest point in the structure (Bargmann, 1986) 
and reveals that critical pressures for fragmentation to be a func-
tion of surface area to volume ratio of the particles (Pungno and 
Carpinteri, 2008). Moreover, previous work on popcorn kernels 
has shown that increasing the difference between internal ker-
nel pressure and the external atmospheric pressure increases ex-
pansion volume (Quinn et al., 2005). Thus it may be that more 
spherical popcorn kernels have greater structural stability due to 
a smaller surface area to volume ratio and are thus able to build 
greater energy potential before popping occurs.
Expansion volume is the only quality trait of popcorn that 
can be readily measured, and evaluation of popcorn hybrids 
at early stages of testing is often limited by small sample sizes 
which makes measuring pop volume precarious (Ziegler, 2001). 
While this study was limited to three hybrids and growing loca-
tions in the USA, understanding kernel physiochemical param-
eters that correlate with expansion volume may help lead to the 
development and use of simple and non-destructive methods 
that can be leveraged universally by popcorn breeders and pro-
ducers for predicting expansion volume. For example, total fat 
might be non-destructively estimated using near infrared spec-
troscopy, and an automatic seed counter might be used to rap-
idly segregate kernels for thousand-weight measurement. In ad-
dition, the positive correlation between kernel sphericity and 
expansion volume established previously and corroborated in 
this study suggests that developing a simple and rapid method 
of determining kernel sphericity would be beneficial.
4. Conclusions
Significant differences were observed in the physical and bio-
chemical characteristics of popcorn kernels used in this study. 
Significant positive correlations were observed between Stenvert 
time-to-grind and protein, and a positive correlation between 
time-to-grind and total carbohydrates and test weight. Protein 
was negatively correlated with both sugars and total carbohy-
drates. Starch and fiber were also negatively correlated.
Fig. 1. Oil amount lost to bag during microwave popping.
Table 5. Correlationsa between popcorn kernel physiochemical param-
eters and unpopped kernels and expansion volume.b
 Expansion volume
 Unpopped   Pop volume Pop volume  
 kernels (cm3) per  (cm3) per  
                     popped flake   original kernel  
    weight (g) weight (g)
Physical parameters
Thousand-Weight −0.565 −0.729* −0.708*
Test Weight 0.226 0.107 0.077
Pycnometer Density −0.348 −0.187 −0.187
Stenvert Time-to-Grind 0.297 0.310 0.217
Stenvert Height −0.242 −0.381 −0.314
TADD index −0.138 −0.224 −0.167
Sphericity 0.469 0.788* 0.835*
Composition factor
Total Fat −0.573 −0.797* −0.824**
Total Carbohydrate −0.273 −0.348 −0.253
Starch −0.168 −0.427 −0.525
Amylose −0.519 −0.131 −0.007
Amylopectin −0.006 −0.415 −0.562
Dietary Fiber −0.209 0.080 0.269
Sugars −0.584 −0.619 −0.477
Protein 0.381 0.440 0.337
Total Minerals −0.491 −0.040 0.118
Palmitic Acid −0.115 −0.053 −0.105
Stearic Acid −0.156 −0.381 −0.521
Oleic Acid −0.479 −0.890** −0.966**
Linoleic Acid −0.645 −0.801** −0.791*
Linolenic Acid 0.083 0.182 0.087
a. Correlation coefficients greater than |r| = 0.45 are bold-printed. 
* Significance at p < 0.05; **significance at P < 0.01.
b. Analysis used compositional data on the basis of 14.0% moisture 
content (wb) in kernels. n = 9.
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Hybrid and environment effects on popcorn kernel physio-
chemical parameters are varied. Among some key characteris-
tics, the main effect of hybrid alone affected sphericity, time-to-
grind, dietary fiber, sugars, and starch. Environment main effect 
was observed to influence total minerals. The main effects of 
both hybrid and environment affected test weight, TADD Index, 
thousand-weight, protein, and total carbohydrates.
Determining microwave popcorn expansion volume as a 
function of pop volume per popped flake weight may be a more 
appropriate method than on the basis of original kernel weight, 
since it accounts for unpopped kernel loss factors and the contri-
bution of ingredient additions to the kernel which contributes to 
the bulk density. For both methods of determination, expansion 
volume is positively correlated with kernel sphericity and nega-
tively correlated with thousand-kernel weight, total fat, and lev-
els of oleic and linoleic acid. The amount of oil retained by paper 
bags during microwave popping is noteworthy and increases as a 
function of starting oil amount.
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